Introduction
============

Ovarian carcinoma is one of the most common types of cancer and is among the leading causes of mortality from gynecological malignancies in the world ([@b1-ol-0-0-3996]). It is the fifth leading cause of cancer-related mortality among females in Western countries ([@b2-ol-0-0-3996]). No nationwide statistical data on ovarian cancer have been reported in China as yet. It was estimated that there were 19,300 new cases of ovarian cancers per year in China during the 1980s, and an upward trend in incidence has been observed in recent years ([@b3-ol-0-0-3996]). However, the molecular determinants of ovarian tumorigenesis are still under investigation, while it is conceivable that ovarian cancer, like most other cancers, arises as a result of acquired alterations in gene expression due to specific signal transduction pathways ([@b4-ol-0-0-3996]).

The transcriptional factor FOXC1, also known as FREAC3 and FKHL7 ([@b5-ol-0-0-3996],[@b6-ol-0-0-3996]), is a member of the forkhead box (FOX)/winged-helix transcription factor family, which consists of almost 100 members, with orthologs expressed in an array of species ranging from yeast to humans ([@b7-ol-0-0-3996]). These transcriptional factors share a highly conserved DNA-binding forkhead domain (FHD) of 110 amino acids, consisting of three α-helices and two large loops that form 'wing' structures. It is through the FHD that FOX proteins are able to interact with DNA. The function of FOX genes has become better understood in recent years. FOX is a group of critical transcription factors which control a variety of processes, including regulation of embryogenesis and maintenance of differentiated cell states, major organ systems and tissues from all three germ layers in the brain, cardiovascular system, lung and kidney ([@b8-ol-0-0-3996]--[@b11-ol-0-0-3996]). Mutation studies in mice, zebrafish and *Drosophila* have revealed a diverse range of key roles of these genes during embryonic development, including node formation and anterior-posterior and left-right axis patterning ([@b12-ol-0-0-3996]--[@b14-ol-0-0-3996]). In addition to their vital roles in normal development processes, a number of FOX genes also participate in tumorigenesis ([@b12-ol-0-0-3996]).

The FOXC1 transcript has been detected in multiple human organs using northern blot analysis ([@b5-ol-0-0-3996],[@b6-ol-0-0-3996],[@b15-ol-0-0-3996]). It is located on human chromosome 6p25 ([@b6-ol-0-0-3996]), encoding a 553 amino acid protein ([@b16-ol-0-0-3996],[@b17-ol-0-0-3996]). The FOXC1 coding sequence contains no introns and comprises a 1659-bp open reading frame that contains the FHD. The molecular weight of the FOXC1 protein is 56,789 Da.

Studies of animal models have demonstrated the significance of FOXC1 as a key transcription factor in development. Recombinant FOXC1 null mice die peri- or postnatally with massive skeletal, cardiac, ocular and urogenital anomalies ([@b18-ol-0-0-3996]--[@b20-ol-0-0-3996]). Mutations of the FOXC1 gene in humans result in various glaucoma-related phenotypes, including Axenfeld-Rieger anomaly and cardiac valve abnormalities ([@b5-ol-0-0-3996],[@b6-ol-0-0-3996],[@b21-ol-0-0-3996],[@b22-ol-0-0-3996]). A previous study also revealed that FOXC1 might be involved in several types of genital tumorigenesis, including human prostate, endometrial and ovarian cancers ([@b23-ol-0-0-3996],[@b24-ol-0-0-3996]). The FOXC1 gene may exert a negative regulation of cell proliferation in several gynecological cancer cell lines ([@b24-ol-0-0-3996]).

However, it is unclear whether the FOXC1 protein exists in ovarian tumor cell lines and tissues. In addition, the clinical significance and molecular mechanism of the FOXC1 protein in ovarian carcinoma remain poorly understood. This study was designed to clarify the issue and explore the association of FOXC1 protein expression with clinicopathological factors and outcome of the disease.

Materials and methods
=====================

### Cell culture

Two human serous ovarian cystadenocarcinoma cell lines were used in the present study: SKOV-3 was a gift from the Ultrasound Institute of Chongqing Medical University, China, and HO-8910 was purchased from Nanjing KeyGen Biotechnology Company, China. SKOV-3 and HO-8910 cells were maintained in RPMI-1640 medium (Gibco-Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal calf serum (Gibco-Invitrogen) and 1% penicillin/streptomycin at 37°C in the presence of 5% CO~2~.

### Tissue specimens

Twenty-five samples of serous ovarian cystoadenoma, 15 samples of ovarian borderline serous cystoadenoma and 40 samples of serous ovarian cystadenocarcinoma, all paraffin-embedded, were retrieved from case files at the Department of Pathology of the Second Affiliated Hospital of Chongqing Medical University, China, between February 2004 and February 2009. The diagnosis of serous ovarian tumors was based on typical light microscopic findings. The study was approved by the ethics committee of the Second Affiliated Hospital of Chongqing Medical University.

### Reverse transcription-quantitative polymerase chain reaction RT-qPCR)

Total RNA was isolated from cultured SKOV-3 and HO-8910 cells with TRIzol reagent (Takara Bio Inc., Otsu, Japan). Total RNA (500 ng) was used as a template for RT using an RNA RT kit from Takara Bio Inc. The RT reaction was set up in a 10 µl mixture containing 2 µl 5X PrimeScript buffer (for qPCR), 0.5 µl PrimeScript RT enzyme mix, 0.5 µl random 6 mers (100 µM) and 0.5 µl oligo-dT primer (50 µM). Incubation was performed in an ABI 9700 DNA thermal cycler (Applied Biosystems, Foster City, CA, USA) for 15 min at 37°C, followed by 5 sec at 85°C. qPCR was performed on an ABI 7300 real-time fluorescence quantitative PCR thermocycler (Applied Biosystems) using an SYBR PrimeScript real-time PCR kit (Takara Bio Inc.). Thermal cycler conditions involved holds for 10 sec at 94°C, followed by 40 cycles of 5 sec at 94°C and 30 sec at 60°C. The relative amount of mRNA was calculated using the comparative threshold cycle method. The housekeeping gene β-actin served as an internal parameter. The amplification efficiencies of the target and reference were demonstrated to be approximately equal with a slope of log input amount to threshold cycle \<0.1. The following oligonucleotide primers were used: FOXC1 forward 5′-AGCATCCGCCACAACCTC-3′, reverse 5′-GCCTGTCCTTCTCCTCCTT-3′; and β-actin forward 5′-TGGCACCCAGCACAATGAA-3′, reverse 5′-CTAAGTCATAGTCCGCCTAGAAGCA-3′. Primers were designed using Primer3 software, available from the Primer3 v. 0.4.0 website (<http://frodo.wi.mit.edu/primer3/>, Whitehead Institute for Biomedical Research, Cambridge, MA, USA).

### Western blot analysis

SKOV-3 and HO-8910 cells in the exponential phase of growth were pooled and centrifuged at 250 × g at 4°C for 10 min, and the packed cell volume was estimated. The deposition was incubated on ice for 30 min in 200 µl lysis buffer A (10 mmol/l HEPES, pH=7.9, 10 mmol/l KCl, 1.5 mmol/l MgCl~2~, 0.1 mmol/l ethylenedinitrolotetraacetic acid, 0.05% Nonidet P-40, 1 mmol/l dithiothreitol, 1 mmol/l phenylmethyl sulfonyl fluoride, 1 mg/l leupeptin), and centrifuged at 250 × g at 4°C for 10 min. The supernatant from this spin was used as the cytoplastic extract. The precipitum was then incubated on ice for 30 min in 100 µl lysis buffer B (20 mmol/l HEPES, pH=7.9, 420 mmol/l NaCl, 1.5 mmol/l MgCl~2~, 0.2 mmol/l ethylenedinitrolotetraacetic acid, 1 mmol/l dithiothreitol and phenylmethyl sulfonylfluoride, 1 µg/ml leupeptin) before centrifuge at 14,000 × g at 4°C for 15 min. The supernatant was the nuclear extract. Identical amounts of protein from the extract were denatured and then subjected to electrophoresis on a 5% stacking and 12% separating sodium dodecyl sulfate (SDS) polyacrylamide gel using a Mini PROTEAN apparatus (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Electrophoretic transfer to nitrocellulose was accomplished at 80 V for 2 h in 25 mmol/l Tris, pH 8.3, 192 mmol/l glycine, 0.1% SDS and 20% methanol. The membrane was then blocked with 5% skimmed milk overnight at 4°C, followed by two 5-min washes in phosphate-buffered saline/1% Tween-20 (PBST). The membrane was incubated with primary FOXC1 antibody (goat anti-human polyclonal antibody, sc-21396, Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA; dilution 1:200) at room temperature for 2 h in antibody dilution buffer (1% bovine serum albumin in PBST) followed by three 5-min washes in PBST. Secondary antibody (donkey anti-goat antibody, Santa Cruz Biotechnology, Inc.; dilution 1:5,000) was diluted in antibody dilution buffer, and then added to the membrane for 2 h at room temperature, followed by three 5-min washes in PBST. Finally, detection procedures were performed using an enhanced chemiluminescence western blotting detection kit (Beyotime Institute of Biotechnology, Inc.).

### Immunohistochemistry

The tissue samples were fixed by immersion in 10% buffered formalin and subsequently embedded in paraffin according to standard protocols. Sections for immunohistochemistry were cut at 5 µm, mounted on Superfrost Plus glass slides (Thermo Fisher Scientific, Inc., Waltham, MA, USA), baked for 30 min at 70°C and left to dry overnight at 37°C. Subsequently, the sections were deparaffinized and rehydrated by passing through xylene and a graded series of ethanol solutions. Before the primary antibody was applied, antigen retrieval was performed by boiling the sections in 10 mmol/l sodium citrate buffer (pH 6.0) at 98°C in a microwave oven at 750 W for a total of 30 min (three cycles of 10 min each). Slides were left to cool down to room temperature in the antigen retrieval solution for 30 min. To block endogenous peroxidase activity, the sections were incubated with 3% hydrogen peroxide in methanol for 10 min. After blocking for 10 min in rabbit serum, the sections were incubated with a specific primary antibody that recognized FOXC1 (goat polyclonal antibody, sc-21396, Santa Cruz Biotechnology Inc.; dilution 1:200) at 4°C overnight. Then, the standard streptavidin-biotin complex immunoperoxidase technique (goat streptavidin-peroxidase kit, Maixin Biotechnology Co., Fuzhou, China) was used according to the manufacturer\'s instructions. All the sections were counterstained with hematoxylin. Known positive internal controls (normal endometrium tissues) ([@b24-ol-0-0-3996]) and negative controls (sections in which the primary antibody was substituted with PBS) were also stained in each run. Staining was assessed without any knowledge of the clinical data by two observers.

SKOV-3 cells and HO-8910 cells were harvested in the exponential phase of growth and were seeded into six-well plates containing sterile coverslips at a concentration of 1×10^6^ cells per well. After 48 h, cells were washed with PBS and fixed with 4% paraformaldehyde at room temperature for 30 min. After rinsing in washing buffer, the cells were incubated with 3% hydrogen peroxide in methanol for 10 min and permeabilized using 0.05% Triton X-100/PBS for 10 min. The following steps were performed in the same way as for immunohistochemistry of tumor tissue.

### Statistical analysis

The correlations between FOXCI expression and clinicopathological parameters were examined by the Chi-square test or Fisher\'s exact test. Statistical calculations were performed using SAS software for Windows (Microsoft, Redmond, WA, USA). P≤0.05 was considered to indicate a statistically significant difference.

Results
=======

### Identification of FOXC1 expression in serous ovarian carcinoma cell lines

To study FOXC1 gene expression in ovarian tumors, serous ovarian carcinoma cell lines HO-8910 and SKOV-3 were selected. RT-qPCR was employed to evaluate FOXC1 mRNA expression in the two cell lines. Western blot analysis and immunohistochemistry with the anti-FOXC1 antibody were performed to confirm FOXC1 protein expression. There was no significant difference in FOXC1 mRNA and protein levels between the two cell lines ([Fig. 1A--C](#f1-ol-0-0-3996){ref-type="fig"}). A single immunoreactive band of 56 kDa was detected, corresponding to the molecular weight predicted for FOXC1, and no non-specific bands were detected with this antibody. However, FOXC1 immunohistochemistry assay revealed dichotomous immunoreactivity in the nucleus and cytoplasm of the two cell lines. FOXC1 was localized mainly in the nucleus of SKOV-3 and HO-8910 cells, while less staining was observed in the cytoplasm, which was in accordance with the results of western blot analysis.

### FOXC1 protein expression in serous ovarian tumors and its clinicopathological significance

Staining patterns on immunohistochemistry were consistent within each tissue. A sample was considered to demonstrate positive immunoreactivity if \>30% of the cells exhibited intracellular staining following standard immunostaining. Intercellular structure and inflammatory cells did not express FOXC1 ([Fig. 2A--D](#f2-ol-0-0-3996){ref-type="fig"}). In contrast with the observation in cell lines ([Fig. 1C](#f1-ol-0-0-3996){ref-type="fig"}), no nuclear FOXC1 immunoreactivity was detected in any of serous ovarian tumor tissues. Notably, positive immunostaining for FOXC1 was observed exclusively in the cytoplasm in 46 (57.5%) cases of serous ovarian tumors.

Correlations between the incidence of cytoplasmic FOXC1 immunoreactivity and clinicopathological features of serous ovarian tumors are shown in [Table I](#tI-ol-0-0-3996){ref-type="table"}. A retrospective investigation was conducted to clarify the correlations of FOXC1 protein with clinicopathological variables of serous ovarian tumors. A total of 80 patients with a medium (± standard deviation) age of 48 years (range, 25 to 74 years) were included in this study. According to the World Health Organization (1999) criteria, the 80 serous ovarian tumors were classified histologically as benign (serous ovarian cystoadenoma), borderline (ovarian borderline serous cystoadenoma or low malignant potential tumor) or malignant (serous ovarian cystadenocarcinoma) ([@b25-ol-0-0-3996]). Serous ovarian cystadenocarcinomas were graded as well, moderately or poorly differentiated. Patients were assigned a clinical stage in accordance with the International Federation of Gynecology and Obstetrics (FIGO) 2000 standards ([@b26-ol-0-0-3996]). Among the 80 cases of serous ovarian tumor, 25 were benign, 15 borderline and 40 malignant. Among the 40 cases of serous ovarian cystadenocarcinoma, 7 were well differentiated, 21 moderately differentiated and 12 poorly differentiated. Twelve cases were in stage I--II and 28 were in stage III--IV. The volume of ascites in cystadenocarcinoma was defined as small (≤500 ml), medium (500--2,000 ml) or large (\>2,000 ml). There were 7 cases with no ascites, 12 with a small amount, 8 with a medium amount and 13 with a large amount. None of the serous ovarian cystadenocarcinoma patients had received preoperative chemotherapy or radiotherapy. FOXC1 positive reactivity was observed in 21 (84%) cases of serous ovarian cystoadenoma, 10 (66.7%) serous ovarian borderline cystoadenomas and 15 (37.5%) serous ovarian cystadenocarcinomas. In malignant tumors, FOXC1-positive immunohistochemistry was observed in 4 well-differentiated cases (57.1%), 9 moderately-differentiated cases (42.9%) and 2 poorly-differentiated cases (16.7%) based on the histological criteria used. According to the FIGO criteria, 9 cases were in stage I and II (75%) and 6 were in stage III and IV (25%). Four cases were observed with no ascites (57.1%), 6 with a small amount (50%), 3 with a medium amount (37.5%) and 2 with a large amount (15.4%). A significant correlation between positive FOXC1 immunoreactivity and pathological subtypes of serous ovarian tumor was identified, and FOXC1 protein significantly decreased with advancing FIGO stage (P\<0.01). No significant association was revealed between FOXC1 protein expression and the clinicopathological factors of age, histological grade and volume of ascites (P\>0.05).

Discussion
==========

To our knowledge, the present study is the first to conduct a FOXC1 immunohistochemical examination in serous ovarian tumors. In the study, endogenous expression of FOXC1 mRNA and protein was confirmed in two serous ovarian cystadenocarcinoma cell lines SKOV-3 and HO-8910 with RT-qPCR and western blot analysis. The subcellular location of FOXC1 protein was immunohistochemically detected in the two cell lines and in 57.5% (46/80 cases) of serous ovarian tumors. FOXC1 protein was present in 84% of serous ovarian cystadenomas and 66.7% of borderline cystadenomas, whereas its expression was observed in only 37.5% of adenocarcinomas. Our retrospective study demonstrated that positive immunostaining for FOXC1 protein significantly decreased with advancing FIGO stage (I--II vs. III--IV) as well as pathological subtypes from benign to borderline and malignant tumors ([Table I](#tI-ol-0-0-3996){ref-type="table"}).

As demonstrated in the study, the differential FOXC1 staining in these three major categories of serous ovarian tumors may provide evidence for a different pathogenetic basis for benign, borderline and malignant serous ovarian tumors. The observation sparked our interest in the potential role of FOXC1 gene in ovarian tumorigenesis and the correlation between FOXC1 protein and clinicopathological characteristics. Notably, exclusively cytoplasmic immunostaining for FOXC1 protein was observed in serous ovarian tumor tissues and normal endometrial tissues used as positive controls, whereas both nuclear and cytoplasmic localization of FOXC1 protein was observed in the two cell lines, with expression levels in the nucleus markedly higher than those in the cytoplasm ([Fig. 1C](#f1-ol-0-0-3996){ref-type="fig"}). This result was in discordance with previous studies reporting that the wild-type full-length FOXC1 protein was localized exclusively in the nucleus in almost all cells, due to two independent nuclear localization signals within FOXC1 FHD ([@b27-ol-0-0-3996]--[@b29-ol-0-0-3996]). FOXC1 has been identified as a phosphoprotein, and the activity of the transcriptional inhibitory domain located at amino acids 215--366 may be regulated by phosphorylation ([@b30-ol-0-0-3996]). In previous studies, FOXO1 (FKHRL1) protein, which is also a FOX family member, phosphorylated by AKT, was observed to be located in the cytoplasm, whereas unphosphorylated FOXO1 protein was observed in the nucleus and acted as a transcription factor for various genes, including, presumably, FAS ligand (tumor necrosis factor superfamily member 6) ([@b31-ol-0-0-3996]). However, it is unclear whether there are similar mechanisms of FOXC1 protein in ovarian tumors. One plausible explanation for this phenomenon may be phosphorylation, which accounts for the protein shuttling between the nucleus and cytoplasm in the two cell lines and tumor tissues. FOXC1 expression in the cytoplasm may act as a tumor suppressor when unphosphorylated.

The present study has limitations. Phosphorylated FOXC1 antibody is no longer available commercially. Therefore it is now impossible for us to verify whether FOXC1 protein in the nucleus is phosphorylated or not. Fifteen out of 40 cases of serous ovarian cystadenocarcinoma (37.5%) revealed FOXC1-positive expression, which was correlated with poorer histological grade and increased volume of ascites. However, no significant associations were observed between FOXC1 protein expression and clinicopathological factors including histological grades and volume of ascites. A possible explanation might be that the total number of malignant cases was not large enough to analyze clinical significance. For further studies, a larger number of malignant tumor cases should be recruited to better understand the trend between FOXC1 protein expression and the clinicopathological factors of histological grade and volume of ascites. In addition, the mechanism of subcellular mislocation of FOXC1 protein should be investigated to determine whether these interactions are regulated through phosphorylation.

In conclusion, high expression of FOXC1 protein may be correlated with a benign pathological subtype of serous ovarian tumors and a trend towards good prognosis. The molecular mechanism underlying FOXC1 protein in ovarian tumorigenesis remains to be explored.
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![FOXC1 expression in serous ovarian carcinoma cell lines. (A) FOXC1 mRNA levels in SKOV-3 and HO-8910 cell lines. (B) FOXC1 protein levels in SKOV-3 and HO-8910 cell lines. Ns and Nh represent nuclear protein of SKOV-3 and HO-8910 cells, respectively; Cs and Ch represent cytoplasmic protein of SKOV-3 and HO-8910 cells, respectively. β-actin was used as an internal control in western blot analysis. (C) Left panel: Nuclear and cytoplasmic immunostaining of FOXC1 was observed in SKOV-3 cells, although staining was less intense in the cytoplasm than in the nucleus, which was in accordance with the results of western blot analysis. Right panel: Nuclear and cytoplasmic staining of FOXC1 was observed in HO-8910 cells, although staining was less intense in the cytoplasm than in the nucleus, which was in accordance with the results of western blot analysis.](ol-11-02-0933-g00){#f1-ol-0-0-3996}

![Cytoplasmic FOXC1 immunoreactivity in serous ovarian tumors and normal endometrium tissue (magnification, ×400). (A) The majority of neoplastic cells are positive. Positive immunostaining of FOXC1 was observed exclusively in the cytoplasm of glandular epithelium cells in serous cystadenoma; no nuclear positivity was observed; (B) Positive immunostaining of FOXC1 was observed exclusively in the cytoplasm of glandular epithelium cells in serous borderline cystadenoma; (C) Positive immunostaining of FOXC1 was observed exclusively in the cytoplasm of glandular epithelium cells in well-differentiated serous cystadenocarcinoma. (D) FOXC1 immunostaining in normal endometrium tissue was used as a positive control. Positivity was observed exclusively in the cytoplasm of endometrial glandular cells.](ol-11-02-0933-g01){#f2-ol-0-0-3996}

###### 

Correlation of FOXC1 protein with clinicopathological features in serous ovarian tumors.

                                                                 Immunohistochemical results \[n (%)\]                
  -------------------------------------------------------- ----- --------------------------------------- ------------ ----------
  Age group^[a](#tfn1-ol-0-0-3996){ref-type="table-fn"}^                                                              0.1500
    \<48                                                   38    25 (65.8)                               13 (34.2)    
    ≥48                                                    40    20 (50.0)                               20 (50.0)    
  Pathological subtype                                                                                                \<0.0010
    Benign                                                 25    21 (84.0)                                 4 (16.0)   
    Borderline                                             15    10 (66.7)                                 5 (33.3)   
    Malignant                                              40    15 (37.5)                               25 (62.5)    
  Histological grade of cystadenocarcinoma                                                                            0.1600
    Well-differentiated                                      7     4 (57.1)                                3 (42.9)   
    Moderately differentiated                              21      9 (42.9)                              12 (57.1)    
    Poorly differentiated                                  12      2 (16.7)                              10 (83.3)    
  FIGO stages of cystadenocarcinoma                                                                                   0.0035
    I--II                                                  12      9 (75.0)                                3 (25.0)   
    III--IV                                                28      6 (21.4)                              22 (78.6)    
  Volume of cystadenocarcinoma ascites                                                                                0.1900
    None                                                     7     4 (57.1)                                3 (42.9)   
    Small amount                                           12      6 (50.0)                                6 (50.0)   
    Moderate amount                                          8     3 (37.5)                                5 (62.5)   
    Large amount                                           13      2 (15.4)                              11 (84.6)    

Information about age was missing for one case of ovarian serous cystadenoma and ovarian serous borderline cystadenoma, respectively.
